The PPL-2 has been designed and built, so that it will substantially expand the stable combustion range. The improvement is accomplished by increasing the air distribution ratio in the lean combustion region to avoid flashback, providing a uniform flow velocity through the throat area and also by diluting the boundary layer so as to suppress flashback. Test results of the PPL-2 combustor show that it expands the flashback limit without affecting the blow out limit and is able to cover the stable combustion range need for the 100kW COT. together with members of the petroleum industry and is responsible for developing the COT engine. The construction of the COT engine under development is shown in Fig. 1 . This 100kW engine is built with a single-shaft regenerative gas turbine and is designed to operate at a turbine inlet temperature of 1623 K. The targeted engine efficiency is 40%, and the emission performance objective is to meet Japan's 10 and 15 mode emission standards for gasoline engine passenger cars without using an aftertreatment system.
For the purpose of maintaining acceptable part-load fuel economy, the COT engine is equipped with two high-efficiency regenerators, which results in an extremely high combustor inlet temperature, Tan, of 1150-1300 K. Since this high inlet temperature promotes the formation of thermal oxides of nitrogen (N0x), one of the most important development issues is to control NOx emissions.
In the COT development project, a prevaporizationpremixing lean combustion (Pit) system has been adopted for the engine combustor .
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This paper describes the measures taken to improve the stable combustion range of the first combustor prototype (Pit-1) by preventing flashback. It also presents the stable combustion performance of the second combustor prototype (PPL-2) that incorporates improvements designed to overcome problems observed in PPL-1. [21 Kerosene is used as fuel during testing.
IMPROVEMENT OF STABLE COMBUSTION RANGE OF PPL-1 COMBUSTOR Flashback Control
Position of Flame Holder Measurements were made of changes in the stable combustion range when the position of the flame bolder was varied along the central axis of the combustor. The results indicated the existence of an optimum flame holder position (i.e., throat area) with respect to the stable combustion range. It was concluded therefore that the flame holder should be rigidly fixed at the optimum position. This meant that the concept of adjusting the air distribution ratio, opap=Air flow rate for the PPL region / Total air flow rate) by varying the position of the flame holder could not be adopted.
Boundary Layer Dilution
The measured wall temperature of the PPL-1 combustor was in excess of 1300 K, which prevented the low flow velocity region near the wall (i.e., the region near the boundary layer) from becoming a quenching zone. That was assumed to be the principal reason for the difficulty in preventing flashback. As a way of overcoming that problem, it was thought that the introduction of air into the area along the outer perimeter of the throat would dilute the boundary layer, removing combustible mixture from the vicinity of the layer. As a result, it would prevent propagation of the flame through premixture in the low flow velocity region.
Slit for introducing air to dilute the boundary layer were provided in the part around the outer perimeter of the throat, as shown in Fig. 2 . This slit made it possible to introduce air in a way that bypassed the premixing region. The dashed lines in Fig. 3 indicate the changes in the stable combustion region as a result of introducing air to dilute the boundary layer. Increasing the amount of air introduced worked to expand the flashback limit on the rich mixture side. These results confirmed that boundary layer dilution is an effective measure for controlling flashback. In future work, an effort will be made to determine the optimum locations for introducing air.
It is also seen from the results in Fig. 3 that increasing the air distribution ratio, Pp, in the lean combustion region allows the operating point of the combustor to be set more on the lean mixture 
RESULTS OF STEADY-STATE COMBUSTION TESTS OF PPL-2 COMBUSTOR
Taking into consideration the problems identified in the first combustor prototype, the major issue addressed in the design of the PPL-2 combustor was to expand the stable combustion range by controlling and avoiding flashback. The construction of the PPL-2 combustor is shown schematically in Fig. 6 . One of major differences from the PPL-1 combustor is the shape of the swirl chamber. In contrast to the coaxial design of the previous chamber[3], PPL-2 adopts a scrolltype swirl chamber for the purpose of preventing flashback. This scroll design reduces the pressure losses associated with the generation of swirl, thereby increasing the air ratio distribution in the lean combustion region. It also reduces variation in the flow velocity distribution of the air-fuel mixture at the outlet of the swirl chamber. As a result of adopting this scroll design, the air distribution ratio, no, in the lean combustion region was increased to 0.28, which is 30% greater than the 0.21 figure of the PPL-1 combustor, without changing the throat area around the flame bolder and the dilution air hole area.
There was concern that an increase in the air distribution ratio, np, would lead to a decline in performance in the low-load region. To assure lean combustion stability at low load, a variable geometry mechanism for changing the air ratio distribution was newly adopted at the inlet to the prevaporization tube. This mechanism includes a shutter for controlling the primary air flow rate and a block swirler with a variable construction that makes it possible to optimize the swirl for promoting vaporization and mixing of the fuel.
The following discussion describes the stable combustion performance of the PPL-2 combustor.
amparison of combustion characteristics of PPL-1 and PPL-2 (with boundary layer dilution)
It had been confirmed with the combustor that the provision of slit for introducing air to dilute the boundary layer was effective in improving the flashback limit [ was incorporated in the PPL-2 combustor and its stable combustion range was compared with that of the Pit-I combustor. The results are shown in Fig. 7 . The stable combustion test of the PPL-2 combustor was conducted under the conditions of Pin = 0.17 MPa and Tin = 1073 K. The results in the figure indicate that the boundary layer dilution slit of the PPL-2 combustor had a noticeably larger effect on suppressing flashback than the effect observed for the PPL. 1 combustor. In comparison with the PPL-I combustor, the PPL-2 combustor achieved a substantial expansion of the flashback limit without causing the blow-out limit to deteriorate. That improvement is attributed to the attainment of more uniform boundary layer dilution in the PPL-2 combustor as a result of reducing the variation in the mixture flow velocity distribution at the outlet of the swirl chamber (i.e., at the inlet to the combustor).
Combustor Inlet temperature vs stable combustion range
It is planned that the COT engine combustor for automotive use will operate on the prevaporization-premixing lean combustion (Pit) mode alone up to 30% (301cW) load, which accounts for nearly the entire load distribution projected for normal use. Under higher loads, it will run on a hybrid combustion mode that includes diffusion combustion combined with PPL combustion. Fig. 8 shows the relationship between the combustor inlet temperature and the stable combustion range under conditions corresponding to 30% engine load. The notation Gait, in the figure indicates the air flow rate for assisting atomization of the fuel injected by the primary nozzle for PPL combustion and Gfret denotes the maximum fuel flow rate of the primary nozzle. The dashed line indicates the flashback limit and the solid line shows the blow-out limit. The blow-out limit was defined at the point where combustion It is seen in the figure that the blow-out limit expanded on the small fuel flow rate side. ix-a larger air ratio, as the combustor inlet temperature increased. The flashback limit in particular changed noticeably in relation to the combustor inlet temperature. Under a condition of Gam, = 3 g/s, the flashback limit showed a sufficient margin relative to the fuel flow rate (Design Gfp) required at this load level when the combustor inlet temperature was 1123 K. However. when the combustor inlet temperature rose to 1223 K. the flashback limit fell below Design Grp, indicating that a stable combustion range, i.e., fuel flow rate range, could not be secured to satisfy the required level. Increasing Gana worked to improve the flashback limit considerably, but the main reason for that improvement is thought to be a drop in the temperature of the air for combustion as a result of the intermixing of the air provided for promoting atomization.
Considering that the combustor inlet temperature is expected to the ultimately as high as 1300 K. it is clear that further measures are required to suppress flashback.
Combustion performance of PPL -2 combustor
The combustion performance of the PPL:2 combustor is shown in Fig. 9. in terms of the air-fuel ratio versus load (%) . The design operating point indicates the design air-fuel ratio at each load level, and the no-carbon assurance operating point refers to the airfuel ratio at which the combustor can be operated without any carbon deposits occurring on its inner surfaces. The region enclosed by the flashback limit and the no-carbon assurance operating point or the blow-out limit represents the stable combustion range of the PPL-2 combustor. Excluding flashback at 30% load and carbon deposits at full load, the results confirm that the PPL-2 combustor with its present specifications provides the combustion performance required to operate the COT engine.
There was particular concern that carbon deposits might develop at the downstream end of the flame holder under high load operation above 60%. That issue was largely addressed by improving the air distribution ratio in the lean combustion region and by combustor. This confirms that the PPL-2 combustor should also be able to satisfy the emission performance target of clearing Japanese emission standards.
Pressure loss ratio of PPL -2 vs PPL-1 combustor showed a pressure loss ratio slightly higher than the target value.
However, the optimized specification (Build 54) achieved a ratio almost identical to the design target The dashed lines indicates the pressure loss ratio of the primitive Isa-1 combustor.
As shown in the figure, new design features adopted in the PPL-2 combustor construction, such as the scroll-type swirl chamber , made it possible for the PPL-2 combustor to reduce pressure loss ratio more than 25% ,compared to the former PPL-1 combustor.
EVALUATION IN ENGINE TESTS
Performance of a COT engine, installed with a PPL-2 combustor, has been evaluated. Combined mode combustion, which is a combination of PPL combustion and Diffusive combustion, has been taken into practice at the rated speed (100,000 r.p.m.) in a TIT (turbine inlet temperature) 1473K engine operation. No flashback, no carbon deposits were observed.
Steady-state combustion performance of the PPL-2 combustor in the COT engine, is being evaluated in detail.
CONCLUSION
(1) Steady-state combustion tests conducted on an initial combustor prototype (PPL-I) confirmed that the flashback characteristic was improved by diluting the boundary layer near the throat wall around the flame holder.
(2)A second combustor prototype (PPL-2) has been designed and built that achieves a more stable operating point in the low-load region as a result of increasing the air distribution ratio in the lean combustion region so as to avoid flashback. of the combustor will also be evaluated.
(7) Evaluation of the PPL and the combined combustion performance in the COT engine, has started.
